degrees of hypercapnia under a constant stimulus were investigated. We observed that 21 different anesthetic conditions had major impact on the results obtained, particularly that 22 anesthesia could cause a massive divergence of different experimental modalities. 23
In ventilated animals, robust BOLD responses were detectable even with relatively deep 24 anesthesia, while in non-ventilated animals, BOLD responses were not detectable under 25 these conditions. This was most likely due to hypercapnia caused by respiratory depression, 26 as in ventilated animals administered CO 2 had the same effect. This observation agreed with 27 measurements of perfusion, which showed that inhaled CO 2 increased perfusion 28 significantly, while ISO did not. 29
In optical calcium measurements, higher concentrations of ISO decreased spontaneous 30 neural activity, but not stimulus-evoked responses. This observation was explained by a 31 generally lower excitability of neurons under ISO, which suppressed spontaneous activity, 32
and consequently left more neurons available to fire synchronously in response to a stimulus. 33 Interpreting this phenomenon as an integrated signal of independent single neurons was 34 supported by patch clamp experiments as the number of action potentials (APs) per stimulus 35 was decreased by addition of CO 2 . Addition of ISO on the other hand had no significant 36 effect. 37
Our results provide an explanation on the cellular level for anesthesia-dependent 38 observations in previous studies of task-induced BOLD and resting state connectivity. They 39 further inform selection of the adequate anesthetic regimen for a given combination of 40 modalities. 41 . In 57 studies involving fMRI, it is therefore crucial to ask which of the observed effects originate 58 from the individual regressor itself and which from anesthesia -most importantly because 59 anesthetics can be responsible for an uncoupling between neural activity and BOLD signal. 60
Performing fMRI experiments in awake animals avoids unknown effects from anesthetics 61 (Gao et al., 2017). However, issues like acute and long-term changes in physiology or 62 artificial responses due to restraint and stress remain an issue (Low et al., 2016) . Therefore, 63 a broad range of anesthetics is still used, e.g. alpha-chloralose, urethane, propofol and 64 volatile anesthetics such as isoflurane (ISO) and sevoflurane. Each anesthetic alters brain 65 functionality and connectivity through different pharmacological pathways, which have 66 different impact on neural and vascular response and the neurovascular coupling (Masamoto 67 and Kanno, 2012). we established a combination of experiments to characterize different aspects of neural 84 activity that play a role in the BOLD signal. We recorded BOLD and simultaneously 85 performed calcium recordings to assess task-related and spontaneous neural activity in vivo, 86
Arterial Spin Labeling (ASL) to assess perfusion and in vitro patch clamp experiments to 87 determine cellular properties without spontaneous activity. We wanted to assess whether, 88
and if so, how neural activity in BOLD fMRI and underlying parameters can be dissociated. In 89 a first step we used non-ventilated animals. Different depths of anesthesia were achieved 90 with a constant MED infusion and a varying dose of ISO while a constant electrical stimulus 91 was applied. In a second step, ventilated animals were subjected to the same experimental 92
conditions. Additionally, we administered CO 2 in some experiments. 93 M A N U S C R I P T 
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Anesthesia induction was performed by placing the rat in a gas anesthesia box using oxygen 120 enriched with 5 % ISO (Forene, Abbott, Wiesbaden, Germany 
The fast kinetics of GCaMP6f enabled us to resolve single, individual responses (Fig. 3g, h ). 215 We analyzed the mean of primary responses over the whole stimulation period and whether 216 the primary responses adapted over time. 217
Spontaneously breathing animals receiving Syn.GCaMP6f and CamKII.GCaMP6f both 218
showed lower amplitudes when ISO was added to the inspiratory and were treated as one. 219
For comparison of amplitudes of the calcium signal between different inspiratory conditions, 220
we took the mean of all amplitudes recorded during one stimulation period, and normalized it 221 to the respective recordings under pure MED sedation. Amplitudes occurring for other 222 inspiratory conditions within the same animal were reported relative to this value. 223
Especially for stimulation with 9 Hz, the fluorescence signal did not return to its initial value 224 between two pulses (Fig 3h, In order to increase perfusion signal, care was taken during positioning of the animal to 251 ensure coverage of heart and liver by the volume coil (Nasrallah et al., 2012) . After BOLD 252 fMRI, we therefore repositioned the animal before ASL was started ( Fig. 1) . 253
For perfusion experiments, T1 maps were calculated with MATLAB as described previously 254 (Driencourt et al., 2017). A ROI was drawn in the S1Fl and perfusion values were extracted. 255
The ROI was placed in the same slice as ROI of fMRI analysis and was drawn by hand to 256 reflect only the cortex, resulting in a total number of voxels of 175 ± 2. Voxels with values 257 above 400 ml/100 g/min were regarded to be blood vessels and excluded from analysis, as 258
were voxels with values under 30 ml/100 g/min. 259 (1.25), NaHCO 3 (24), MgSO 4 (2), CaCl 2 (2), dextrose (10), pH adjusted to 7.34 by bubbling 274 with carbogen (95 % O 2 and 5 % CO 2 gas mixture). 275
The electrical properties of cortical pyramidal cells were determined in current clamp mode. 276
The characteristics of the cell membrane were measured through glass microelectrodes 277 pulled from borosilicate glass capillaries (GC150T-10; Clark Electromedical Instruments, 
BOLD fMRI 333
First, the impact of depth of anesthesia on the BOLD amplitude was investigated. In 334 spontaneously breathing Fisher rats the highest BOLD amplitude occurred when animals 335 were sedated with MED only (Fig. 2a, g and Suppl. Fig. 2a ). If ISO was added, the amplitude 336 diminished gradually with increasing ISO concentrations. For addition of 0.7 % or higher 337 concentrations of ISO the reduction of BOLD amplitude was significant (p<0.001; compared 338 to pure MED sedation). Results in SD rats were similar with no significant differences 339 compared to Fisher rats (Suppl. Table 3) . 340
In ventilated Fisher rats (Fig. 2c, d , h and Suppl. Fig. 2b ), the observed decrease in BOLD 341 amplitude upon addition of ISO (44 % reduction for 1.5 % ISO) was less pronounced than for 342 spontaneously breathing animals. The decrease was not significant, which, however, may be 343 due to larger confidence intervals as compared to the measurements in spontaneously 344 breathing animals. Addition of 5 % CO 2 in the breathing gas (Fig. 2e , f, h and Suppl. Fig. 2 ) 345 resulted in a decrease of BOLD amplitude for both 0 % and 1.5 % ISO. While the reduction 346 of 28 % observed upon adding 5 % CO 2 under 0 % ISO was not significant (p=0.448), the 347 BOLD amplitude observed for 1.5 % ISO and 5 % CO 2 was significantly lower compared to 348 all other conditions (Fig. 2f, h) . All values are reported in Suppl. Table 4 and Suppl. Fig. 2 . 349 M A N U S C R I P T
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Summarizing these results, we conclude that decrease of observed BOLD amplitude upon 350 addition of ISO was only significant in spontaneously breathing animals but not in ventilated 351 animals, under our experimental conditions. However, the combination of 1.5 % ISO with 5 % 352 CO 2 (Fig. 2f, h Boxplots represent data between first and third quartiles, the band in the box marks the second quartile (=median). Whiskers represent lowest and highest data within 1.5 interquartile ranges (IQR) of the lower and upper quartile. Outliers within 1.5 and 3 IQR are marked as dots, values outlying 3 IQR are marked stars.
Secondly, calcium responses in S1Fl to individual stimulation pulses were investigated. For 359 stimulation with 3 Hz, the mean amplitude of individual calcium responses in spontaneously 360 breathing animals declined when ISO was added. Amplitude reduction compared to pure 361 MED sedation was significant for concentrations of 0.7 % ISO (p=0.039) and higher (1.5 % 362 ISO, 54 % reduction, p<0.001; Fig. 4a and Suppl. Fig. 3 ). For ventilated animals, addition of 363 1.5 % ISO tended to increase the mean amplitude by 49 % (n.s.), but no significant changes 364 in amplitudes were observed for addition of ISO only, possibly due to larger confidence 365 intervals (Suppl. Fig. 3 ). Addition of 5 % CO 2 under 1.5 % ISO, however, resulted in a 366 Suppl. Fig. 3 For stimulation with 9 Hz, results were similar for spontaneously breathing animals with a 375 significant reduction in amplitude compared to pure MED for 0.7 % ISO and higher 376 concentrations. In ventilated animals, no significant changes could be detected (data not 377 shown).Next, alteration of neural responses during the 5 s duration of 9 Hz stimulation were 378 studied. For pure MED sedation (Fig. 5b, f, j) , the highest calcium responses appeared for 379 the first stimulation pulse of each stimulation period. The more ISO was added, the more 380 often the highest neural responses occurred later in one stimulation period (Fig. 5h) . This 381 shift of the highest peak due to administration of ISO was observed for both spontaneously 382 breathing and ventilated animals, and was not affected by addition of CO 2 (Fig. 5d, l) . Addition of CO 2 had no effect on this phenomenon (p=1.0). 389
The same trend was observed for spontaneously breathing rats. For pure MED sedation, the 390 highest response peaks appeared following the first stimulus (mean = 1.17 ± 0.58; median = 391 1) and shifted when adding ISO. For addition of 1.5 % ISO, the highest amplitude was 392 
% ISO]). 394
Besides peak amplitudes, different inspiratory conditions also had an impact on the observed 395 baseline fluorescence (Fig. 5 a, b, e, f, i, j; red line). To assess this effect, data were 396 normalized for each animal and referenced to the amplitude of the baseline elevation which 397 occurred for pure MED sedation at the end of each experiment. In spontaneously breathing 398 animals, no relevant changes for different concentrations of ISO were observed (Fig. 6a) . In 399 ventilated animals, the induced baseline elevations became bigger with increasing ISO 400 concentrations (Fig. 6b) . For 1.5 % ISO, they were on average about 4 times higher than 401 under pure MED sedation (1.06 ± 0.74 for MED + 1.5 % ISO vs. 4.02 ± 3.89 for MED 402 sedation). Adding CO 2 on the other hand reduced the amplitude of the elevated baseline 403 (MED + 1.5 % ISO + 5 % CO 2 : 1.25 ± 1.11). Neither changes in spontaneously breathing nor 404 in ventilated animals were statistically significant. 405 
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ASL 407
To separate the effects of both ISO and CO 2 on the vasculature from neural effects, 408 perfusion was assessed by ASL measurements. In spontaneously breathing animals, we 409 observed a concomitant increase in perfusion when ISO was added (Fig. 7a, b, c) . However, 410 this increase was only significant for relatively high doses of ISO (1.0 % and 1.5 %). 411
To avoid the influence of potentially anesthesia-dependent respiratory depression at higher 412 ISO concentrations, we grouped the BOLD measurements according to the average 413 respiratory rate (RR). The RR values at different ISO concentrations are reported in Suppl. 414 Table 5 . We assumed that RR is a surrogate marker for hypercapnia and thus correlated the 415 grouped RR with perfusion (Fig. 7d) . Even small reductions in RR (potentially due to deeper 416 anesthesia) resulted in a significantly increased perfusion. In accordance with literature, we 417 therefore made the assertion that hypoventilation and hypercapnia do have a significant 418 influence on perfusion. This influence might be even bigger than direct effects of ISO. 419 Boxplots represent data between first and third quartiles, the band in the box marks the second quartile (=median). Whiskers represent lowest and highest data within 1.5 interquartile ranges (IQR) of the lower and upper quartile. Outliers within 1.5 and 3 IQR are marked as dots, values outlying 3 IQR are marked stars.
≜ ≜ ≜
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Measurements in ventilated animals confirmed this assumption (Fig. 7e-i Boxplots represent data between first and third quartiles, the band in the box stands for the second quartile (=median). Whiskers represent lowest and highest data within 1.5 interquartile ranges (IQR) of the lower and upper quartile. Outliers within 1.5 and 3 IQR are marked as dots, values outlying 3 IQR are marked stars. * ≜ p < 0.05; ** ≜ p < 0.01; *** ≜ p < 0.001
N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT
Although some nominal changes 431 occurred in the RMP, no significant 432 differences were found between control 433 conditions and all ISO concentrations 434 tested (Suppl. and further suppressed by Dex-MED (Fig. 8e) . 479 
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In order to study the effects of extracellular CO 2 concentrations on the firing of pyramidal 480 cortical neurons, we used HEPES buffered ASCF bubbled with 100 % oxygen (0 % CO 2 ; 481 pH=7.34; n=10). Switching 100 % oxygen gas to a gas mixture of 5 % CO 2 and 95 % O 2 482 decreased pH of the same solution (pH= 6.8; n=10). 483
Increased extracellular acidification (by addition of 5 % CO 2 ) reduced the number of APs 484 compared to control condition (100 % O 2 ; Fig. 8f) . 485
In accordance with the in vivo experiments, cortical pyramidal cells were challenged with 486 depolarizing current pulses (length 50 ms) elicited at 3 or 9 Hz (pulse length 5 s; Fig. 9a, b) . 487
Extracellular acidification resulted in decreased number of APs during both 3 and 9 Hz 488 stimulations. To compare the results, the number of APs was calculated in percentage. The 489 number of APs recorded under control conditions (100% O 2 ) was taken as 100 % and the 490 number of APs produced by 5 % CO 2 application was calculated accordingly. 5 % of CO 2 491 caused 10 % reduction of APs during 3 Hz stimulation (p=0.259; n=9) and 20 % reduction 492 during 9 Hz stimulation (p=0.016; n=6). 493
Using the same stimulation paradigm, 0.1 % ISO did not affect the number of APs 494 significantly (Fig. 9f, g, h) . The reduction in the number of APs was 8 % (p=0.6; n=7) and 495 10 % (p=0.478; n=5) during 3 Hz and 9 Hz stimulation, respectively. In the presence of 5 % 496 CO 2 the reduction of the number of spikes was stronger (3 Hz: 44 %, p=0.013; n=6; 9 Hz: 497 21 %, p=0.173; n=7; Fig. 9i, j, k) . 498 
Discussion 500
Basic pharmacological pathways 501
For interpretation of our results, it is necessary to consider the pharmacology of the agents 502 used in this study. MED is an alpha-2-adrenoreceptor-agonist with sedative properties. 503
Subtypes of alpha-2-receptors are known to regulate arousal and vigilance in the brainstem, 504
and are further responsible for vasoconstrictive effects (Sinclair, 2003) . Alpha-2-505 adrenoreceptor agonists hence have various effects such as bradycardia, analgesia and 506 sedation (Scheinin et al., 1989 ). Compared to a previous study investigating functional 507 connectivity (Grandjean et al., 2014) , the dose of MED was considered to be rather low. 508
The pharmacology of volatile anesthetics, such as ISO, on the other hand, is poorly 509 understood -despite its long use. , 1995) . In addition to the family of acid-sensing ion 530 channels (ASICs), a number of ion channels including voltage-activated K + channels, HCN 531 channels, gap junction channels and Cl -channels, alter their electrophysiological properties 532 in response to pH changes. The voltage-gated Na + current amplitude is also decreased by 533 low pH (Sun et al., 1997) . In hippocampal pyramidal and in thalamic relay neurons, reduced 534 extracellular pH decreases the peak of high and low voltage activated calcium current 535 amplitude (Tombaugh and Somjen, 1996) . In spontaneously breathing animals, even little addition of ISO was associated with a 547 reduction of BOLD amplitude. High ISO concentrations (1.5 %) fully suppressed the BOLD 548 response. In ventilated animals, addition of ISO also resulted in a reduction of BOLD (not 549 significant), but only the combination of ISO and CO 2 significantly suppressed the BOLD 550 signal under our experimental conditions (p<0.001, compared to 0 % ISO and CO 2 ). This 551
indicates that the reduction in BOLD amplitude in spontaneously breathing animals results 552 from a combination of a direct effect of ISO and the impact of CO 2 . When spontaneously 553 breathing animals were anesthetized more deeply, respiratory depression caused 554 accumulation of CO 2 . Such suppression of BOLD could be reproduced by adding CO 2 to the 555 inspiratory air in ventilated animals. 556
An important role of CO 2 for the BOLD signal was also corroborated by our measurements of 557 perfusion. Addition of ISO increased perfusion in spontaneously breathing animals. However, 558 the increase was significant only for high doses of ISO. The respiratory rate (as a surrogate 559 marker for CO 2 ) was a better predictor for CBF than the dosage of ISO. There was no 560 statistically significant effect of ISO on perfusion detectable in ventilated animals. Addition of 561 CO 2 , by contrast, resulted in a significant increase in CBF, irrespective of ISO concentration. 562
Potential bias due to time-dependent effects can largely be ruled out by the study design 563 comprising two measurements per animal where possible, the first one early, the second one 564 later in time. If data from earlier and later measurement were compared, a tendency towards 565 higher BOLD responses in later measurements was observed. To detect systematic 566 differences, we analyzed pairs of measurements at 0.0 % ISO, 0.2 % ISO and 0.7 % ISO 567
[data points separated by at least 1 h, available both in ventilated and spontaneously 568 breathing animals and arranged symmetrically]. After correction for multiple comparisons 569 problem, none of these differences was statistically significant [data not shown]. A detailed 570 discussion of time-dependent effects of anesthesia is beyond the scope of this study and for 571 example given by Magnuson et al. (2014) . 572
Neural responses in calcium recordings and electrophysiology 573
In contrast to BOLD, calcium recordings can be considered as a more direct readout of 574 neural activity in vivo. It is important to note that amplitudes of neural responses in calcium 575 recordings cannot simply be compared between different experiments or animals, since the 576 amplitude depends on different experimental conditions. Influencing factors comprise for 577 example positioning of the fiber and level of expression of the calcium indicator itself. We 578 therefore compared values which were normalized for each animal. 579
Although GCaMP6f is fast enough to resolve single neural responses at 9 Hz stimulation, it is 580 not fast enough to reach a baseline fluorescence between two pulses since interpulse 581 intervals of approximately 110 ms (= interpulse interval with 9 Hz stimulation) are too short 582 (Chen et al., 2013) . Since the interpulse intervals are longer for lower stimulation 583 frequencies, superposition of calcium transients is weaker. We therefore primarily analyzed 584 the mean amplitude to individual pulses at 3 Hz stimulation. 585
Looking at these amplitudes, the observed decrease in amplitude when ISO was added in 586 spontaneously breathing animals, and when CO 2 was added in ventilated animals, was 587 contrasted by a tendency to increasing the amplitude when 1.5 % ISO was administered to 588 ventilated animals. We conclude that the lower amplitude of pulse-evoked neural responses 589 in spontaneously breathing animals was due to hypoventilation and thus due to an increased 590 amount of CO 2 , as in ventilated animals with administered CO 2 (Fig. 5 ). This reduction in 591 amplitude in calcium recordings when CO 2 is added has an electrophysiological correlate, as 592 M A N U S C R I P T
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the excitability is reduced. It is not clear, whether CO 2 itself or the acidification that it 593 provokes is the main regressor. It was previously shown that pH impacts both transmitter 594 release (presynaptically) and (postsynaptically) cell excitability (Sinning and Hübner, 2013) . 595
We found that changes in extracellular pH (through administration of CO 2 ) affected the 596 excitability of the pyramidal neurons and that extracellular acidification decreased the firing of 597 the neurons. This "external" acidification has to be differentiated from the transient pH shift 598 that happen during spontaneous neuronal activity and electrical stimulation in vitro (Chesler 599 and Kaila, 1992 stimulus onset is higher. Our data showed more spontaneous activity (Fig. 4a , e) when 626 animals were only sedated (with MED), compared to anesthetized rats (with ISO; Fig. 4b, f) . 627
This observation is in line with the notion that more neurons are engaged in spontaneous 628 activity, and consequently less neurons are available to fire synchronously in response to a 629 stimulus. On the contrary, under ISO anesthesia the probability for neurons to be engaged in 630 spontaneous activity is lower and thus more neurons may be available to fire synchronously. clamp experiments, the normalized response to 9 Hz stimulation was significantly lower than 690 M A N U S C R I P T
to 3 Hz stimulation (Suppl. Fig. 4) , indicating that the time between two pulses at 9 Hz is 691 indeed not sufficient for the neuron to regain a full state of rest and full excitability, defining 692 the slow component of the calcium signal. This may also explain the different responses 693 observed for continuous application of current for 1 s (Fig. 8 ) and pulsed application of 694 electrical current (Fig. 9) . We assume that different anesthetics have different impacts on the 695 slow component. The "undershoot", a decreased level of baseline fluorescence (Fig. 5g, k 
Conclusion 733
The most important result of the present study is that anesthesia is eligible to cause 734 dissociation between hemodynamic BOLD response and neural activity in the calcium signal. 735
The BOLD response cannot generally predict neural responses in the calcium signal and 736 M A N U S C R I P T A C C E P T E D 
